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I. Introduction
Recent discoveries from lunar orbiters and impactors are motivating a return to the lunar surface. The Moon's materials and proximity also make it a prime location for exploiting resources. It costs considerable fuel mass and mission complexity to soft-land a robotic mission on the lunar surface, so it makes sense to maximize the surface operations phase of landed missions. Mars exploration rovers have done well, far exceeding their nominal 90 day mission with over 6 years of operation. Unfortunately, because the Moon lacks an atmosphere and is much nearer to the Sun than Mars, rovers on the Moon face much more difficult thermal extremes than those on Mars.
Rovers near the lunar poles could circumnavigate the globe on a route of perpetual Sun (Refs. 1 and 2), but rovers that venture to the equatorial regions must tackle the thermal challenges of the full day/night cycle. During the lunar day, rovers must shed heat efficiently to avoid overheating components as the lunar surface reaches nearly 400 K (Ref. 3) . During the lunar night, surface temperatures drop below 100 K, well beyond the operating temperatures of rover components. Because the lunar night lasts 14 Earth days, a small, lightweight rover cannot carry enough battery mass to heat itself throughout the night (Ref. 1). The Russian Lunokhod rovers met the lunar night challenge with radioisotope thermal generators (Ref. 4) , but availability of radioactive materials for this purpose is very limited, and programmatic hurdles make such materials unrealistic for non-governmental entities.
A wadi is a thermal mass that can act as an external heat source to keep a rover within operating temperatures throughout the lunar night. For the purposes of this study, the minimum operating temperature of electronics is assumed to be 243 K (-30 C).
1 The baseline wadi configuration includes a heat-loss limiting shield that covers the wadi and rover during the night. Wadi effectiveness is highly dependent on the presence of this shield and its properties. Results from three-dimensional (3D) and two-dimensional (2D) thermal models with varying shield properties are presented.
In addition to the thermal interaction, a wadi could provide the rover with other amenities. A concept for a wadi with electrical power is discussed. The scenario of using wadi power to heat a rover to compensate for a non-optimal shield configuration is also examined.
II. Analysis of Rover and Wadi
Previous work estimated the effect of heat power provided to a rover on wadi temperature by assuming a constant-power heat loss throughout the night (Ref. 5) . That analysis showed that a wadi can remain warm through the night when providing 25 W/m 2 of constant heat flux to a rover. By modeling rover geometry, analysis herein extends those results with a more realistic time-varying model of heat power drawn by a rover. More importantly, this analysis also examines how the heat from a wadi affects a rover.
To insure that the rover in this work is realistic for the Moon, we use a detailed 3D thermal model of a rover designed at Carnegie Mellon. This model has been analyzed under equatorial lunar-day thermal environments and shown to perform well. A 3D wadi model is added for this study. The detailed 3D model does have the disadvantage of being very design-specific and not easy to modify for other rover configurations. Previous analysis of wadi's has shown that 1D, 2D, and 3D models produce similar results (Ref. 6 ), so we compare the results of the detailed 3D model with those of a simplified 2D model of rover and wadi. Three cases are examined with each model (1) a rover on a wadi with no shield, (2) a rover on a wadi with a shield, and (3) a rover on a wadi with a low emissivity shield. 1 The minimum operating temperature of the A123 Systems ANR26650M1A lithium iron phosphate battery cell is -30 °C, according to the product datasheet (http://www.a123systems.com/cms/product/pdf/1/_ANR26650M1A.pdf). The authors acknowledge that many components have minimum operating temperatures above -30 °C, but we believe it is reasonable to select components that work to this minimum. The analysis presented here does not incorporate the heat generated by operating rover components. It is expected that component temperatures would increase if self-generated heat were included, so this analysis shows a worst case for a given wadi configuration. 
A. Rover Configuration
The rover used in this analysis is an asymmetric solarpowered design which achieves passive thermal regulation for the hot lunar equatorial day. 2 The two main goals of the design are to minimize heat flow in and to maximize heat flow out through the radiator.
Since regolith temperatures on the lunar equator reach nearly 400 K, sensitive rover components must be insulated from the ground as well as from the incident sun. The 55 angle of the static solar panels is optimized to balance surface area, incident sun angle and panel heating from regolith-reflected radiation. The interior surface of the solar array structure is lined with multi-layer insulation (MLI) to reduce radiation from the solar panels to the rover internal components. Delicate MLI mounted on the underside of the chassis may be damaged when traversing rough terrain, so MLI is mounted on the inside of the chassis floor. Isolation cones, constructed of Ultem, minimize heat flow from the chassis to internal rover components while still providing a strong structural connection.
The asymmetric rover turns to point the solar panels to the Sun while pointing the radiator away from the Sun to dissipate heat more efficiently. The 30° angle on the radiator is a function of optimization to minimize heat absorption from incident sun and regolith-reflected radiation. Heat generating components inside the rover are either mounted directly to the radiator or connected to the radiator through high-conductivity thermal pathways. The main computer and several other avionics components are attached to the underside of the radiator. Other components, including the batteries, are mounted to the internal support composite I-beams, which are constructed with high conductivity carbon fiber. A main composite thermal strap links other components to the I-beams.
While this rover design is effective for regulating component temperatures during the hot lunar day, analysis has shown that it also loses heat quickly at sundown. Heaters are mounted on rover internal components to keep them warm during the flight to the Moon. If the rover were to sit unprotected on the lunar surface, running heaters through the length of the lunar night, it would need to carry more than its own mass in batteries (Ref. 1).
B. Wadi Configuration
The wadi in this analysis is constructed from fused lunar regolith. It is 0.5 m deep with an exposed surface area of 2.25 m 2 . The wadi is assumed to have the thermal properties of basalt, and to be embedded in lunar regolith such that only the top face is exposed. Table 1 shows the thickness and material properties of the wadi and the surrounding regolith. The nominal wadi configuration includes a heat-loss-limiting shield that covers the wadi and rover, although a scenario without a heat-loss-limiting shield is also examined. The shield is rectangular for this analysis, although other shield shapes, such as a hemisphere or a pyramid, are also possible.
C. 3D Modeling
The 3D model of the rover and wadi is built in Thermal Desktop (Ref. 7 ). The rover model is an updated version of the model used in previous work (Ref. 1). The total rover mass is 70 kg. Figure 4 shows the approximate external surface areas and masses of rover components. The solar array assembly, radiator and chassis are modeled as composite panels with carbon fiber face sheets and aluminum honeycomb core. The dust cover, which connects the solar panels to the radiator, is a lightweight non-structural surface. Rover electronics are modeled as boxes for components, such as the computer, radio transceiver, and batteries. In reporting results, the electronics box (E-box) temperature is reported at the computer, which is mounted on the underside of the radiator. For this analysis, the rover temperature at the start of the lunar night is assumed to be a constant 300 K. Conduction between the rover components is modeled, but conduction between the rover and the wadi is not modeled. This roverwadi conduction is not expected to be significant, since the area of contact between the wheels and the wadi surface is small and the contact pressure exerted by the 70 kg rover under lunar gravity is low.
The wadi in the 3D model is 1.5 m 2 and 0.5 m in depth. A 0.2 m layer of regolith is modeled underneath the wadi. The regolith on the sides of the wadi is not modeled -instead it is assumed that there is no heat flow through the wadi sides. This assumption is based on previous analysis showing that results for a 3D wadi are very similar to results for a 1D wadi (Ref. 6 ). Figure 5 shows three different views of the rover on the wadi. The wadi temperature at the beginning of the lunar night is set based on 1D results for the wadi temperature versus depth after running for several day-night cycles to reach a periodic equilibrium. This temperature varies from 325 K at the bottom of the wadi to 287 K at the surface.
The shield in the 3D model has a top panel that is 1.5 by 1.5 m and four side panels that are 1.5 by 1.54 m (see Fig. 6 ). For case 1 with no shield, the shield is removed from the model and the rover and wadi can radiate to free space and to the lunar surface. For case 2, the shield emissivity is 0.3, and for case 3, it is 0.03. The initial temperature of the shield, when present, is set to a constant 300 K.
A. 2D Modeling
In the 2D model, we assume that the wadi is 2.25 m long and 0.5 m deep. The wadi is unbounded in the third dimension. For 1 m in this dimension, the wadi would have the same surface area (2.25 m 2 ) as that used in the 3D model. To initialize the wadi temperature, we determine its temperature distribution (starting from a uniform temperature of 100 K) at the end of daytime in the 4th lunar diurnal cycle. In this calculation, the solar flux impinging on the wadi surface during daytime is assumed to be sinusoidal in time, with a peak flux of 1300 W/m 2 , and a vanishing flux during the night. During the lunar day and at night, the wadi surface loses heat by radiation to free space. The interaction of the rover and the wadi is then computed during the lunar night in the 4th cycle. In many cases, a radiation shield is also incorporated in the model at night in the 4th cycle to protect the rover and the wadi. The computations were performed using the COMSOL (Ref. 8) software. The rover is assumed to arrive at the wadi at the beginning of the lunar night with a uniform temperature of 300 K. In 3D, rover geometry is complicated, as many details of the hardware are incorporated in the model. The 2D model, however, simplifies the geometrical details, and only includes essential components required to faithfully predict thermal behavior. It should be noted that the 2D model is not a simple vertical cross-section of the rover 3D structure and care must be given to represent the actual 3D structure in 2D with an objective to capture the thermal interactions realistically. Figure 7 shows a schematic drawing of the 2D model of the wadi (and a portion of the surrounding regolith included in the computations), the various rover components, and a radiation shield that encloses the rover and the wadi. The rover components we include are (1) solar panel, (2) radiator, (3) chassis, (4) dust cover, and (5) E-box. The dimensions of these components and their thermal properties are summarized in Table 2 . The radiator and the solar panel are at an angle with respect to the chassis so that their outer surfaces have a direct view of space for purposes of heat rejection by radiation. In the 2D model, the radiator and solar panel angles from the chassis are approximately 31 and 40, respectively. The geometrical lengths are chosen so that for a 1 m width in the third dimension in the 2D model, the areas of the components (other than the E-box) matched those from the 3D model. The E-box size is 0.25 by 0.05 m. It has the thermal properties of aluminum. The thickness of the rest of the components is 0.015 m. The effective density and specific heat of the chassis, radiator and solar panel are chosen to be 600 kg/m 3 and 900 J/(kg K), and that of the dust cover is 5.5 kg/m 3 and 200 J/(kg K). With these choices and for 1 m widths in the third dimension, the component masses are reasonably close to their masses in the 3D model and the total rover mass is 58.2 kg.
In 3D, the rover rests on the wadi on its wheels as shown in Figure 4 . To model the wheels in 2D, their widths would have to be extended in the third dimension, as in the case of the components. It is our assessment, however, that such a 2D model of the wheels would prevent the proper radiative exchange between the wadi, rover and the surroundings as the 2D wheels would artificially block a significant fraction of the radiant energy loss from the wadi. Since the overall goal is to capture the thermal interactions faithfully, our 2D model neglects the wheels. The chassis still sits 25 cm above the wadi surface, as in the 3D model.
It is necessary to protect the rover and wadi by a radiation shield that fully encloses them, so that radiative heat losses during the lunar night are reduced as much as possible. In 3D the surface area of the shield can be large (the shield chosen has a surface area almost 4 times the rover surface area). The 2D model also incorporates a radiation shield. Matching the shield area in the 2D model, however, renders the shield to be either very tall or very long, and the interpretations of 3D-to-2D comparisons might be ambiguous. We therefore chose the shield dimensions in 2D with reasonable resemblances to the shield height and length in 3D but yielding half the surface area of that in 3D. To compensate for the radiative power, we increase the shield emissivity to be twice that in the 3D model. Thus, the product of the emissivity and surface area (εA) for the shield is matched between the 2D and 3D models. While the procedure does not make the radiative power in the two cases exactly the same, we show by a simple analysis below that the approximation is fairly good.
Let the rover and the shield be approximated as lumped masses with surface area A r and A s , and emissivity ε r and ε s , respectively. Let T r and T s denote their temperatures. The shield protects the rover from radiative loss to free space, which is assumed to be a black body at essentially 0 K. In the limit that the thermal masses of the rover and shield are negligible, the radiative power from the rover to the shield equals that from the shield to free space. This yields 
] is typically negative with magnitude less than 3 percent for ε s < 0.5, and less than 1 percent for ε s < 0.1. Thus matching the product εA for the shield in the 2D model can be anticipated to yield fairly accurate results for the temperature and the radiative power. The 2D shield is 2.25 m long and 1.75 m high, with a thickness of 5 mm. Aluminized Mylar is a good candidate material for the shield. We assume that the shield has a density of 1400 kg/m 3 , thermal conductivity of 0.07 W/ (m K) and specific heat of 1000 J/(kg K). Its emissivity is varied in the range of 0.06 to 0.6. Within the enclosure, the inner surface of the shield, the various rover surfaces and the wadi surface are in coupled radiative heat exchange. In the 2D model, we assume that the outer surface of the shield radiates to free space at a temperature of 4 K. To model the absence of a shield, we set the temperature of the shield to the environment temperature (4 K) in the 2D model. No radiative exchange between the shield and the external planetary surface is considered. Such an interaction would tend to reduce the net radiative loss from the shield to the environment. Therefore our results represent a worst case scenario. In the simulations, the shield has an initial temperature of 300 K at the start of the lunar night during the 4th diurnal cycle. Note that the calculations to initialize the wadi temperature distribution at this time did not consider the presence of a shield during the night in the first three diurnal cycles. Our previous calculations (Ref. 9) (where an effective wadi emissivity was used during the night to model the presence of a radiation shield) show that the wadi temperature at sunset is quite insensitive to the presence or absence of a nighttime radiation shield.
A. Results
The variation with time of the temperature of the wadi surface and the E-box are shown in Figure 8 . The unprotected rover gets very cold and E-box has a temperature of 127 K at the end of the night. Therefore an unprotected rover cannot operate through the lunar night. The minimum temperature of the wadi surface is 217 K in the 2D results and 197 K in the 3D results. Figure 9 shows 2D and 3D results for the temperature distributions of the rover and wadi at the end of the lunar night.
The behaviors of the temperature of the wadi surface, E-box and shield over time for case 2 are shown in Figure 10 . The 3D and 2D temperature distributions at the end of the lunar night are shown in Figure 11 . The wadi surface and E-box are warmer by approximately 20 and 50 K, respectively, in the presence of the shield. Note that the 2D results are for a shield with an emissivity of 0.6 and the corresponding 3D results are for a shield emissivity of 0.3. Since the minimum temperature for rover operation is approximately 243 K, the shield emissivity must be lower to further reduce radiative heat loss to the environment.
When the emissivity of the shield is reduced (ε s = 0.06 for 2D and 0.03 for 3D), we see from Figure 12 that the E-box temperature during the lunar night is sufficiently warm (minimum temperature is 266 K for 2D and 248 K for 3D). Figure 13 shows the 2D and 3D temperature distributions at the end of the night. Compared with the unshielded case, the wadi and E-box temperatures at the end of nighttime are significantly warmer, (64 to 80 K warmer for the wadi and 121 to 139 K warmer for the E-Box). Therefore, a radiation shield that adequately prevents heat loss from the rover and the wadi appears to be essential for the nighttime operation of the rover. A summary of the 2D and 3D results for end of night temperatures for all three cases is presented in Table 3 . 
A. Discussion
This analysis has shown good correspondence of 2D and 3D thermal models of wadi and rover. Consistent trends are apparent in both models. Both models show that a wadi with a low emissivity shield can keep a rover's electronics above 243 K throughout the lunar night. This is a viable operating temperature for electronics. A 2D rover model that corresponds to the 3D geometry must be constructed carefully. Surface areas, angles and view factors matter, as do the component masses for realistic widths in the third dimension. A generic rectangular boxshaped 2D model with 2D wheels resting on the wadi surface that was initially used did not match as well with the results from the 3D model. This is not surprising, since the angled radiator in the 3D rover is designed to have less of a view factor to the ground plane than a vertical panel, and the wheels in 2D create an artificial radiative barrier that does not exist in 3D.
Some changes can be made easily with the 3D model such as surface coatings, insulation, and heating of individual components. The heating of individual components, as discussed in Section I, can only be done effectively with the more detailed 3D model. For other changes, such as geometric modifications, it is significantly easier to modify the 2D model. This suggests a process by which a 2D model can be used to readily evaluate prospects, and then more detailed 3D models can be built to rigorously examine the contenders.
III. Analysis of Wadi Amenities
If a rover will spend each lunar night (half its time) on a wadi, it makes sense to examine what other utility the wadi might offer. A natural choice is electrical power. A rover cannot generate power from solar panels during the night, and the battery power needed to operate continuously through the night is even greater than that needed to keep an unprotected rover warm. A wadi creates a temperature differential between its mass and the surrounding terrain, so heat powered electricity generation was considered, but this temperature differential is much smaller than that generally seen in Stirling engine systems. Battery power, however, is a reasonable option. Because the wadi is stationary, adding a large battery mass does not pose the problems that would occur if the same mass were added to a mobile system. A wadi battery could be charged during the day from solar panels mounted near the wadi. As with the battery, solar panels for a stationary wadi can be much larger than those for a mobile rover. Electrical interface between a rover and a wadi battery might be accomplished using contact plates on the surface of the wadi, or a more complicated surface mounted plug could be designed. Another option is to use an inductive coupling or other noncontact method of power transmission. In any case, this interface must be robust to repeated connection/ disconnection cycles. Automated docking for power recharge is a demonstrated capability in terrestrial robotics.
In 2D analysis, we examine where a battery might be placed with respect to the wadi to avoid exceeding both the minimum and maximum operating temperatures. In 3D analysis, we explore a concept for using a wadi battery to heat rover components, so that a rover could be brought up to operating temperatures quickly, even with a lower shield emissivity.
A. 2D Wadi Battery Analysis

Method
In order to model the behavior of a battery buried in the wadi, we first consider the heat-up of the battery due to resistive heating while it is being charged. A typical charging current is 3 A, and a typical cell resistance is 0.01 . Thus a battery pack with 36 cells in series with a total mass M = 4 kg has a joule heating rate of P = 3.24 W. Lab tests indicate that 90 min is sufficient for charging the battery. For a battery that is regarded as a lumped mass isolated from the surroundings, the temperature rise may be calculated as
where C p is the specific heat of the battery, which is taken to be 800 J/(kg K). The temperature rise of the battery is obtained to be ΔT = 5.5 C. Due to the heat loss to the wadi surrounding the battery, the temperature rise will be less than that estimated.
Since the diurnal temperature swing on the lunar surface is much larger than the temperature rise due to joule heating of the battery, the temperature of the battery will be controlled by its energy exchange with the wadi. The lunar surface diurnal temperature swing, however, is much too large for survival of the battery. In order to mitigate the temperature swing, we investigated the placement of the battery at various locations within the wadi and the regolith adjacent to it.
Results
We have calculated the temperature distribution at selected locations within the wadi and the regolith adjacent to it using a 2D model. The wadi is assumed to be 1 m long and 0.5 m deep. It is assumed to be of infinite extent in the third dimension. The peak solar flux is taken to be 1300 W/m 2 . We assume that a daytime solar reflector is available to collect sunlight throughout the lunar day and illuminate the wadi surface such that the light is perpendicular to it. During the lunar night, we assume that the wadi is protected by a radiation shield such that the effective emissivity of the wadi surface is reduced to 0.25 from its unshielded value of 0.9. Figure 14 shows the temperature variation with time at various locations within the wadi and the surrounding regolith. The results are shown in the sixth diurnal cycle. For an initial condition, the temperature of the wadi has been assumed to be 100 K everywhere. Conditions close to a periodic steady-state are achieved in six cycles. It is seen that the temperature swing in the wadi or at the surface of the regolith are in excess of 100 K, and are not suitable for placement of the battery. An ideal location for the battery appears to be 20 cm away from the edge of the basalt wadi into the regolith, and a depth of 25 cm below the surface (corresponding to the Regolith_mid-depth curve in the figure). The temperature here is approximately in the range 310 to 335 K, and is anticipated to be compatible with the battery chemistry. While the results shown in the figure at the regolith mid-depth location is the regolith temperature in the absence of a battery, calculations show that a battery (5 by 5 cm; without joule heating) placed there practically achieves the same temperature.
B. 3D Heating Analysis
Method
For the equatorial rover configuration examined in this work, electronic components have heaters for use during transit to the Moon. These heaters could also be used to bring rover components back up to operating temperatures before lunar dawn in order to take measurements at the lunar terminator after a night spent on a wadi with a degraded shield. We assume that the heat power that can be applied to a component via resistive heating is dependent on the component surface area. Two watt-densities are examined 5 and 10 W/in. 2 (7750 and 15500 W/m 2 ). 3 Table 4 shows the heat power applied per component given these power densities and the component surface areas. Table 5 shows the time and battery capacity needed to warm rover components with two different heater-bus power levels. 
Results
C. Discussion
A battery buried at appropriate proximity to a wadi stays at a viable operating temperature throughout lunar night. Such a battery could provide power to a solar powered rover through the sunless night. It could also be used to actuate the wadi shield. This battery can be much heavier and more capable than that incorporated in a mobile rover. Solar panels could be mounted near the wadi to charge batteries during day.
IV. Conclusions
A wadi with a shield can keep a rover within operating temperatures through the night, if a low enough emissivity shield is used. An emissivity of 0.03 is found to be sufficient to keep rover electronics above -30 C. A large battery buried beside a wadi could be used to power a rover for operation through the night. If the wadi shield emissivity degrades, the rover may not stay within operating temperatures using wadi heat alone, but the presence of a wadi would still significantly reduce the battery power needed to heat the rover. The presence of a battery at a wadi solves the dual need of electrical power and heating for night operation of electronics on the lunar surface.
